Estimation of ship speed in actual seas is very important to evaluate the comprehensive performance in her life. Estimation of the added resistance in ballast condition is more difficult than that in full load condition due to the complicated phenomena around the bulbous bow. The proposed method, which combines tank tests with calculation, shows the estimation of added resistance in ballast condition accurate for a Panamax bulk carrier.
Introduction
In order to reduce Greenhouse Gas (GHG) from shipping sector, development of new technology is required for vessels with more efficient fuel consumption. Improving accuracy of estimation on ship performance in actual seas helps ship builder to design more energy efficient ships. Considering efficient and safe ship's operation, one of the key factors is accurate calculation of decrease of ship speed due to winds and waves.
Theory of added resistance due to waves in terms of wave field around a ship has been derived by Maruo 1) . In a practical viewpoint, the assumption of slender body theory used in the calculation shows the difference between calculation and tank test result. This discrepancy is mainly observed in short waves, so that the correction of diffraction force is needed. Firstly, Fujii and Takahashi 2) proposed a semi-empirical formula that is expressed as a function of separation of variables; hull form, wave frequency and ship speed. The functional expression of ship speed is derived from experiments for blunt ships. Recently, a practical correction method is proposed by Tsujimoto et al. 3) . The 
Calculation Method
Decrease of ship speed in a weather condition ( ) is evaluated at constant power and defined by equation (1). where; is ship speed in a calm sea condition and is ship speed in a weather condition. The image of the procedure to obtain is shown in Fig.2 .
In actual seas, natural forces such as winds and waves are acting on a ship in addition to the resistance in a calm sea condition. These forces are separated into 4 dominant components (wave force, wind force, forces due to drift and steering).
Decrease of ship speed is obtained by solving equilibrium equations under the condition where engine output is constant.
Among these forces, added resistance due to waves has generally larger impact in severe weather conditions. Therefore the estimation of added resistance due to waves requires particular attention to the accuracy. .
Added resistance in regular waves
Added resistance in regular waves ( ) is composed of added resistance primary induced by ship motion ( ) and that due to wave reflection ( ), which is expressed as equation (3).
In the equation, is calculated by Maruo's theorem 1) using
Kochin function obtained by assumption of slender body theory, and is a correction for diffraction force and expressed in equation (4). 
where; I ; domains of integration as shown in Fig.3 , ;
slope of line element along the water line, and ; line element along the water plane. Effect of draft and encounter frequency ( ) is formulated as equations (6), (7) and (8) 8)
. 
Coefficient of advanced speed in heading waves ( )) is determined by tank tests with different ship speed in short waves of a single wave length and calculated by equation (10). (10) where; ; measured added resistance in regular waves.
Wind resistance and other hydrodynamic forces
Wind resistance ( ) is calculated by equation (11) . The coefficient of longitudinal wind force ( ) is estimated by the formula of Fujiwara et al. 9) , which is based on model tests in a wind tunnel.
where; ; air density, ; front projected area above water line, ; relative wind speed and ; relative wind direction.
Lateral wind force ( ) and yaw wind moment ( ) is calculated as well.
Resistance, lateral force and yaw moment due to drift motion ( ) is calculated by the regression formulas 10), 11) based on the tank tests and composed by hull form parameters.
Resistance, lateral force and yaw moment due to steering .
Equilibrium equations
Ship speed in actual seas is obtained by solving equilibrium equations in steady navigating condition on the fixed course. The coordinate system is shown in Fig.4 . The equilibrium equations are presented as equations (12) , both characteristics in a calm sea condition are used for the estimation of delivered power.
Model tests
The calculation method is applied to the bulk carrier whose principal particulars are shown in Table 1 . Model tests at the towing tanks are carried out to determine the coefficient of advanced speed in heading waves ( )).
Model test in the towing tanks
Two scaled model ships (one is approximately 6.0m and 
Frequency responses of added resistances in heading waves
Frequency response functions of added resistance in heading waves of full load and ballast conditions were calculated using the experimentally-obtained coefficient . Fig.8 shows the results of calculation, where; is non-dimensional added resistance defined as equation (19).
The result of the calculation shows good agreement with that of the tank tests in full load condition. Furthermore, the figure indicates that wave length at peak in ballast condition is shorter than that in full load condition. 
Model test in wind tunnel
To investigate the resistance due to wind force, the model tests According to the wind tunnel tests of another handy-size bulk carrier without cranes, the test result tends to be closer to estimation by the Fujiwara's formula so that cranes on board of the vessel may affect to increase the coefficient . Research for the effect of cranes is expected future.
Onboard measurement
To confirm the effectiveness of the proposed calculation method and to compare the difference in decrease of ship speed by different load condition, onboard measurements of the object ship have been performed. Representative measured items and equipment are shown in Table 2 . The system conducts a measurement for 30 minutes every hour and records statistical data automatically. Sampling frequency is set to be 1 Hz. As for wave measurement, the system analyses the images obtained by X band radar for 2 minutes half-hourly. The accuracy of this wave measurement system is validated by Kuroda et al.
16)
.The
anemometer is located at a height of 29 m above water line in full load condition and it is installed on radar mast on the bridge.
Measured wind data is directly used for the analysis. 
Measurement data

Data screening
The effective data, defined as all item in Table 3 
Data correction for displacement and shaft power
Since data of displacement and shaft power in operation are not constant, data correction for displacement and shaft power enables these data more useful for evaluation of ship performance.
So in this study, designated shaft power and displacements were defined as 75% MCR and 100% load displacement for full load condition and approximately 50% load displacement for ballast condition, respectively. The correction of ship speed is based on the idea that admiralty coefficient ( ) is constant.
where; V; ship speed, ; displacement and P; shaft power. 
Data Correction for weather condition
Though ships encounter various weather conditions, designated weather condition enables us to easily understand of her performance. In this study, the Beaufort scale, one of the most popular indexes of weather conditions, is used for analysis.
Weather conditions that the object ship encountered are shown in respectively, and that due to winds (RA) are 16% in full load condition and 23% in ballast condition. Among these components, added resistance due to winds under ballast condition is comparatively larger than the others.
In Beaufort 6, added resistance due to waves stands out and reaches about half of resistance in a calm sea, and it is 41% in full load condition and 44 % in ballast condition. 1) The present calculation method is capable of estimating decrease of ship speed both in full load and ballast conditions with practical accuracy.
2) Added resistance due to winds in Beaufort 5 under ballast condition at 15 knot is 23% of resistance in a calm sea and comparatively larger than added resistance due to waves.
3) In Beaufort 6, added resistances due to waves reach about half of resistance in a calm sea.
In this paper, bulk carriers without cranes are not investigated.
The consideration of effect of cranes on added resistance due to winds is expected in the future. 
